Objectives-It has long been suspected that susceptibility to ankylosing spondylitis (AS) is influenced by genes lying distant to the major histocompatibility complex. This study compares genetic models of AS to assess the most likely mode of inheritance, using recurrence risk ratios in relatives of aVected subjects. Methods-Recurrence risk ratios in different degrees of relatives were determined using published data from studies specifically designed to address the question. The methods of Risch were used to determine the expected recurrence risk ratios in diVerent degrees of relatives, assuming equal first degree relative recurrence risk between models. Goodness of fit was determined by 2 comparison of the expected number of aVected subjects with the observed number, given equal numbers of each type of relative studied. Results-The recurrence risks in diVerent degrees of relatives were: monozygotic (MZ) twins 63% (17/27), first degree relatives 8.2% (441/5390), second degree relatives 1.0% (8/834), and third degree relatives 0.7% (7/997). Parent-child recurrence risk (7.9%, 37/466) was not significantly diVerent from the sibling recurrence risk (8.2%, 404/4924), excluding a significant dominance genetic component to susceptibility. Poor fitting models included single gene, genetic heterogeneity, additive, two locus multiplicative, and one locus and residual polygenes ( 2 >32 (two degrees of freedom), p<10 −6 for all models). The best fitting model studied was a five locus model with multiplicative interaction between loci ( 2 =1.4 (two degrees of freedom), p=0.5). Oligogenic multiplicative models were the best fitting over a range of population prevalences and first degree recurrence risk rates. Conclusions-This study suggests that of the genetic models tested, the most likely model operating in AS is an oligogenic model with predominantly multiplicative interaction between loci.
The importance of genes encoded within the major histocompatibility complex (MHC) in the aetiology of ankylosing spondylitis (AS) has been well established by association 1 2 and linkage studies. 3 4 Few families have been reported in which AS has occurred in the absence of HLA-B27 (B27) or in which AS segregates separately from B27, suggesting that the inheritance of AS depends on the presence of B27.
There are considerable data suggesting that B27, though essential, is not suYcient to explain the genetic epidemiology of AS. Only a small proportion of B27 positive subjects develop AS, suggesting the presence of other susceptibility factors. Twin studies demonstrating high heritability of susceptibility to AS (97%) indicate that these factors are primarily genetic. 5 The concordance rate for B27 positive dizygotic twin pairs (24%) is considerably lower than for MZ twins (63%), suggesting the presence of other genes influencing disease susceptibility. Gene mapping studies have implicated other genes, both within the MHC (for example, HLA-B60 and HLA-DR1) and distantly encoded (CYP2D6), which are likely to have small eVects on disease susceptibility. 6 7 Linkage studies in aVected sibling pair families have also identified several non-MHC regions likely to contain further susceptibility genes. 3 The recurrence risk in relatives of aVected subjects (the proportion of relatives of an aVected subject who develop the disease themselves) is determined by the number of genes involved, the magnitude of their individual eVects, and the manner of their interaction. Risch has reported a non-parametric approach to studying diVerent genetic models to assess likely modes of inheritance in genetic diseases employing familial recurrence risk ratios. 8 In this study Risch's approach has been used to investigate the likely genetic models operating in AS.
Methods
Recurrence risk rates in diVerent degrees of relatives of white patients with AS were determined using the results of all studies published in peer reviewed journals. Studies were included if they had either complete ascertainment of a population or proband ascertainment with careful control against ascertainment bias. Case reports or studies without specific measures to avoid ascertainment bias were not included. Table 1 outlines the studies meeting these criteria and their findings.
The population prevalence of AS was set at 0.1% (95% confidence interval 0.03 to 0.24%) from the studies of van der Linden and colleagues. 9 This study was used because it was determined using screening methods similar in sensitivity to those employed by the recurrence risk studies. Alteration in the population prevalence directly influences the recurrence risk ratio (recurrence risk/population prevalence), and diVerent studies have reported diVerent population prevalences. A recent study reporting a population prevalence of 1.0% used magnetic resonance imaging (MRI) scanning to screen for cases, a considerably more sensitive method than has been used previously in studies either of population prevalence or recurrence risk. 10 It would be expected that the use of MRI scanning, or a similarly sensitive screening modality, in studies of recurrence rates would observe higher recurrence rates than those previously reported. Therefore models using prevalences in the range 0.1%-0.5% were tested against the observed data, but not as high as 1.0% as no comparable recurrence risk data are available.
Risch defines the recurrence risk ratio in relatives of type R ( R ) as R =recurrence risk in relatives of type R/population prevalence. In single gene models, R −1 falls by half with each increase in distance of relationship to the proband, such that:
Where there is no dominance variance component to disease susceptibility (see below), this relation can be extended to MZ twins, such that:
This relation is also true for polygenic models with additive interaction between loci, and approximately for genetic heterogeneity models (where the same phenotype may result from diVerent susceptibility genes).
In polygenic multiplicative models, in which there is multiplicative interaction between large numbers of loci, the recurrence risk ratio falls by the square root with each increase in distance of relationship, such that:
Dominance variance is the component of genetic susceptibility due to interaction between alleles of a particular locus. Whereas there is a dominance variance component to the genetic correlation between siblings, this is not the case between parents and children, who can only share one copy of any gene identical by descent. No significant diVerence was noted between parent-child and sibling recurrence risks (7.9% v 8.2%, 2 =0, odds ratio = 1.0, 95% confidence interval 0.7 to 1.4), indicating that any dominance variance component in AS must be small. In the largest study examining both types of first degree relatives, the parentchild rate was actually greater than the sibling recurrence rate, a finding not consistent with any genetic model. 11 The dominance and additive variance components to susceptibility can be calculated from the parent-child and sibling recurrence risk ratios assuming a single locus model, the model most aVected by misspecification of dominance variance. The dominance variance component is calculated to be only 4% of the total variance. The estimated MZ recurrence risk ratio for a single locus model assuming dominance variance is 130, not significantly diVerent from the figure estimated assuming no dominance variance (125). Therefore for all further calculations it was assumed that there is no significant dominance variance component in AS.
When a combination of these equations is used, any variety of genetic model can be studied. The models studied were single locus/ additive/genetic heterogeneity, polygenic multiplicative, two locus multiplicative, one locus and residual polygenic multiplicative component, and five loci with multiplicative interaction and residual polygenic multiplicative component. More complex models of genetic interaction may exist but are not considered in this study. The models considered broadly reflect the likely models operating, and greater definition of the models, though increasing the precision of the estimates would not add greatly to the findings presented.
For the two locus multiplicative and one locus with residual polygenes models, one locus was assumed to be HLA, which in AS has a recurrence risk value ( HLA ) of 3.6.
12 Oligogenic models using HLA of 3.6, and 2-10 loci with equal and a residual polygenic component were fitted against the observed data. The best fitting oligogenic models had no residual polygenic component, and the best fitting such model had five genes, consisting of HLA and four genes each with =2.2. The first degree relative recurrence risk ratio was fixed at the observed figure of 82 for all models. Goodness of fit of models was compared with the observed data by 2 analysis comparing the expected and observed number of aVected MZ, second and third degree relatives for each model. For each model, the expected number of aVected subjects for each degree of relationship was calculated from the predicted recurrence risk ratio and the number of subjects with that degree of relationship actually studied.
There is a clear bias in AS between the sexes, with men more commonly aVected than women. Most available recurrence risk data are not specific for one sex, and therefore the eVects of the sex of the subject were not considered in this study. It is assumed that the inheritance of AS in men and women follows similar genetic models, an assumption supported by the available recurrence risk data. Table 2 shows the expected recurrence risk ratios for each genetic model. The results clearly demonstrate that single gene, polygenic multiplicative, one locus (HLA) with residual polygenes models, and the two locus multiplicative model match the observed data poorly ( 2 =129, 90, 32, 36; p<10 −6 , <10 −6 , <10 −6 , <10 −6 ) respectively. The expected recurrence risk ratios for MZ twins under the polygenic multiplicative and one locus (HLA) are extremely high, but these models accurately estimate the recurrence risk ratio in more distant relatives. The single gene and two locus multiplicative models underestimate the MZ recurrence risk ratio and greatly overestimate the second degree relative recurrence risk ratios.
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Results
The best fitting model is an oligogenic multiplicative model with a small residual polygenic eVect. The five locus with residual polygenes is not significantly diVerent from the observed data ( 2 =1.4, p=0.5), and estimates the recurrence risk in MZ twins, second and third degree relatives quite closely. Models with 3-9 genes fitted the observed data (p<0.05), but three gene models can be excluded as the magnitude of the genes involved ( =4.8) would be larger than the MHC ( =3.6). The presence of genes of this magnitude has been excluded by whole genome linkage studies, which clearly indicate that the MHC is the major susceptibility locus in AS. 3 These findings were largely unaVected by the population prevalence chosen. Increasing the population prevalence alters the recurrence risk ratios for all types of relatives, but the models fitting the data were similar for a range of population prevalences. Oligogenic multiplicative models of 2-6 loci in addition to the MHC fit the observed recurrence risk rate data for population prevalences from 0.1 to 0.2% (data not shown). With a population prevalence of 0.5%, non-oligogenic models (monogenic, HLA and polygenic residual genes, and the polygenic model) were rejected, but the ability to diVerentiate between oligogenic models with diVerent numbers of genes was poor, and models with 20 genes fitted the data similarly to those with only two (data not shown). The first degree relative recurrence risk rate varies between 0% and 25% in various studies, but in studies including more than 100 relatives, the rate is between 4.9% and 8.4%. Oligogenic multiplicative models are still favoured where lower first degree relative recurrence risk rates are chosen, but models with a larger number of genes are permitted. For example, if the true first degree relative recurrence risk is 50, then only oligogenic multiplicative models with two to 14 loci fit the observed data. Conversely, where higher first degree relative recurrence risk rates are employed, models with fewer genes are permitted. Overall, however, the finding that oligogenic multiplicative models are the best fitting is sustained over a range of population prevalence and first degree recurrence risk rates.
Discussion
This study suggests that the likely genetic model in AS is an oligogenic model with multiplicative interaction between loci. The number of loci involved and their individual magnitude is of great importance in determining the feasibility of mapping such genes. Genes of magnitude <1.3 require extremely large sample sizes to be identifed by either linkage studies in aVected sibling pair families or by linkage disequilibrium mapping. 13 The finding that single gene and polygenic models (with or without a contribution from the MHC region) were excluded by this study is therefore of great relevance. The data predict the existence of genes lying distant to the MHC of suYcient magnitude to be tractable to positional cloning.
The precise number of genes involved cannot be accurately modelled by such studies, particularly where the population prevalence increases relative to the recurrence rate, as the power to discriminate between multilocus models is small, with all such models giving MZ twins  630  163  6694  282  3202  780  First degree relatives  82  82  82  82  82  82  Second degree relatives  10  41  9  27  11  15  Third degree relatives  7  21  3  11  4  5 similar predictions. However, a model with only five genes models the observed data quite closely, and models with three to nine genes were consistent with the observed data. Models with 10 or more genes interacting multiplicatively fail to model accurately the observed recurrence risks, significantly overestimating the MZ twin recurrence risk ratio and underestimating the third degree relative recurrence risk ratio (data not shown). Oligogenic multiplicative models with two to four loci model the observed data closely, but only if the recurrence risk for each locus is fairly high (non-HLA loci >2.8). Five locus models estimated the recurrence risk well with non-MHC loci of magnitude =2.2. Genes of this magnitude are suYciently large to be identified by current linkage-mapping techniques.
Although there are data supporting the autosomal dominant role of B27 in AS, 14 15 the finding that the sibling recurrence risk ratio is not significantly greater than the parent-child recurrence risk ratio suggests that there is not a great dominance variance component to susceptibility to AS. This might be explained if there was a substantial non-MHC genetic component to AS, or, alternatively, if the MHC acted codominantly. If the latter situation is the case, then either B27 does not act dominantly, or there are other MHC susceptibility genes either operating in trans relative to B27, or acting recessively. HLA-B60 is one gene that in white populations acts in trans with B27 to increase susceptibility to AS, 2 16 but there is increasingly strong evidence of other MHC susceptibility genes in AS, which may explain the apparent lack of a strong dominance genetic eVect in this disease. 17 Although this study supports the presence of non-MHC genetic susceptibility in this common rheumatic condition, the ultimate proof of this theory will be the isolation of the genes involved. Perhaps the most important conclusion from the modelling presented here is that the genes involved are likely to be of suYcient magnitude to be identifiable by current gene mapping techniques.
